T h e rm o d y n a m ic s a n d H y s te r e s is f o r H y d r o g e n S o lu tio n a n d H y d r id e F o r m a tio n in P d -N i A llo y s Ted B. Flanagan and H. Noh Department of Chemistry, University of Vermont Burlington, VT 05405, U.S.A. Z. Naturforsch. 50a, 475-486 (1995); received November 10, 1994 Pd and its fee substitutional alloys which form hydride phases exhibit hysteresis. If Pd-Ni alloys have been hydrided and then dehydrided a number of times at a moderate temperature, the hyster esis is reduced. The reduction of hysteresis increases with increase of XN i to 0.15 and, if the XN i = 0.15 alloy is hydrided and dehydrided (298 K) a number of times, hysteresis disappears. Hydrogen iso therms have been measured for annealed Pd-Ni alloys from ^,^ = 0.05 to 0.25 (273 K). These show that the width of the plateau region decreases from A TN i = 0 to «0.15 and then increases again. This trend is not apparent from previous isotherm measurements but it is consistent with the x-ray results available in the literature. Thermodynamic parameters for hydrogen absorption/desorption have been measured in the dilute phase and in the plateau region.
Introduction
The P d -N i-H system has been investigated by sev eral workers [1] [2] [3] [4] [5] . It is of especial interest be cause Ni also forms a hydride phase [6] which is isomorphous with the hydride of Pd and the limiting compositions of both hydrides are MH. Palladium and its Pd-rich alloys have a miscibility gap within which the hydride and dilute phases co-exist. The phase rule requires that under isothermal conditions the hydrogen pressure, the plateau pressure, is invari ant when the two solid phases co-exist.
The hydrogen absorption behavior of palladium is modified by substitutional alloying [7] . For example, the plateau pressures increase with increase of ATNi for homogenous solid solution Pd-N i alloys. The results in the literature for the P d -N i-H system are conflict ing because the isotherms [1, 2, 5] indicate that the hydrogen composition of the hydride phase decreases monotonically with XNi at least up to the XNi = 0.15 alloy1. On the other hand, the lattice parameters of the co-existing dilute and hydride phases suggest that the width of the plateau region decreases to XNi «0.1 and then increases again with XNi [5] . It would seem to be reasonable that the breadth of the plateau region would increase with Ni content from XNi = 0.1, which is smaller than for Pd-H , because NiH is iso-1 The -Xfli=0.2 alloy-H system may have a broader plateau region than the lower content ones but it is difficult to discern this from the measured isotherms [5] . Reprint requests to Prof. T. B. Flanagan.
0932-0784 / 95 / 0400-0368 $ 06.00 © -Verlag de r morphous with Pd-H; the reason for the initial de crease of the plateau breadth starting from Pd-H is unknown. The pH2-H-content relationship in the sin gle /?-phase region becomes less steep as XNi increases so that it becomes more difficult to locate the /?-phase composition from the isotherms. Hopefully, by ex tending measurements to higher pressures and to higher Ni contents, the trends with XNi can be more readily established from the isotherms.
The palladium-hydrogen system exhibits substan tial hysteresis and its most common manifestation is that the hydrogen pressure needed to form the hydride phase, pf, is greater than the pressure needed for its subsequent decomposition, pd. The magnitude of this isothermal hysteresis may be quantitatively expressed by the equation loss of useful energy due to hysteresis = ± /m n ( p f/pd).
(
Equation (1) is the minimum work which is done on the system which, under isothermal conditions, ap pears as heat in the surroundings. Thus isothermal hysteresis represents a loss of useful energy. For Pd-H there have been no reports of changes of hys teresis with cycling, i.e., with repeated hydriding and dehydriding at moderate temperatures, such as found for intermetallic compound hydrides [8] .
The magnitude of hysteresis, (1) , for an annealed XNi = 0.15 alloy appears to be smaller [9] than for pure Pd-H ; hysteresis has not been reported for alloys with A"Ni>0. 15 and furthermore it has been found that Zeitschrift für Naturforschung, D-72027 Tübingen hysteresis disappears for an Pd0 85Ni0 15 alloy after a number of cycles of hydride formation and decompo sition at moderate temperatures [9] . In this work the magnitudes of hysteresis and its disappearance with cycling will be examined for Pd-N i alloys.
This research represents a continuation of research concerning a "second look" at the solubility of hydro gen in Pd-rich alloys where the Pd-alloy matrix can no longer be considered as an unchanging matrix [10] . Hydrogen-induced lattice changes are shown to affect the subsequent hydrogen solubilities.
Evidence for trapping by substitutional metals in palladium has not been found from hydrogen solubil ity studies but there is evidence from Mössbauer stud ies that for many disordered Pd-rich alloys the hydro gen avoids the octahedral interstices which have sub stitutional metal atoms as nearest neighbors [11] . It is generally believed that the interstitial sites which have only Pd atoms as nearest neighbors are the preferred ones in most Pd-rich alloys. Evidence for this is avail able from neutron diffraction studies on ordered Pd3Mn where it was found that the octahedral sites with only Pd atom nearest neighbors (Pd6) were 85% occupied and the (Pd5Mn) sites were 15% occupied in Pd3MnD0 61 [12] . The fractions of the various types of octahedral interstitial sites in fully disordered, Pd-rich alloys can be calculated from the binomial distribu tion. Although the fraction of (Pd6) sites is small in those alloys with large fractions of substituted metal, there is still no evidence from hydrogen solubility be havior, i.e., initial deviations from Sieverts' law, for hydrogen trapping in Pd-rich interstices at least over the temperature range where solubility studies can be readily carried out. Trapping is seen in heavily dislo cated Pd where deviations from Sieverts' law occur as r-> 0 [13] . The fact that trapping does not seem to be a factor may be because the various site energies are not very different. In addition to the local effect of alloying which is due to different nearest neighbor environments of the interstices, alloying appears to also affect the hydrogen solubilities in a global way through electronic changes [7] .
The dilute phase solubilities are of interest for prob ing the defect state of Pd and its alloys because this is generally more amenable to interpretation than data in the two phase region because of complications in the latter due to hysteresis. In view of the absence of evidence for trapping in the dilute phase solubilities, the hydrogen solubility for well-annealed Pd or dis ordered substitutional Pd alloys should follow Siev erts' law of ideal dilute solubility as r = (H/M)-»0, r = Ks pl>2 2,
which is simply Henry's law for a dissociating gas. As the hydrogen contents in the dilute phase increase, the values of p^2 are generally lower than those predicted by Sieverts' law because of H -H attractive interac tions. In the dilute phase of well-annealed Pd or its disordered substitutional alloys only this ideal solu bility behavior, modified by the H -H interactions, should occur and therefore deviations from Sieverts' law can be attributed to lattice defects. This suggests that the dilute phase solubilities of hydrogen in alloys which have been cycled through the phase change may yield information about the nature of the defects introduced by the cycling process. It is known that the tensile stress fields of edge dislocations in cold-worked Pd attract hydrogen; this leads to a hydrogen solubility enhancement in the dilute region of Pd-H and in Pd alloy-H systems, i.e., the solubility of hydrogen in cold worked samples is greater than in annealed ones at a given pH2 [14] [15] [16] . Large dislocation densities are also created when the hydride phase forms and decomposes at moderate temperatures by cycling through the hydride phase change [17] . Consequently solubility enhancements found in cycled Pd are comparable to those observed in heavily cold-worked Pd [18] . The solubility en hancements in Pd have been calculated by considering the dislocation stress field interaction with the dis solved hydrogen [15, 19] , however, the agreement can only be considered as semi-quantitative because the dislocation density is treated as an adjustable param eter.
In the higher hydrogen content region of the dilute phase of palladium, which has been previously cycled through the phase transition at moderate tempera tures or else heavily wold-worked, the p\(2 versus r relationship shows increasing curvature; the solubility data can no longer attributed to H segregation to the stress fields of edge dislocations [20] . In this higher concentration region the hydrogen solubility of Pd-H is irreversible and has therefore been attributed to the formation of the hydride phase before the normally expected value of pf is reached. Little attention has been paid to this region of dilute solubilities in com parison to that given to the lower content, reversible region. The former irreversible dilute phase solubility also appears in other M -H systems including intermetallic-H ones after their activation by cycling [21] .
For Pd and substitutional Pd-N i alloys, which have been cycled through the hydride phase at moder ate temperatures, the main cause for deviations from ideal dilute behavior is the presence of dislocation-H interactions [15] . Complex arrays of dislocations giv ing rise to long range internal stresses in heavily worked Pd may be the cause of the irreversibility observed at higher H contents in the dilute phase where hydride phase forms before the plateau. Longrange internal stress fields have been shown to exist in cold-worked fee metals [22] .
Segregation of the homogeneous alloys into regions which are inhomogeneous with respect to the metal atom concentrations due to cycling may also cause solubility enhancements in Pd alloys [23, 24] .
Experimental
Pd-N i alloys were prepared by arc-melting the pure components under argon several times with inter mediate flipping of the buttons. The alloy buttons were then annealed for 2 d at 1173 K, rolled into thin foils and then reannealed for 2 d at 1173 K. The alloys were lightly abrading with fine emery paper and then cleaned ultrasonically with acetone before use. No dif ference was found in the dilute phase hydrogen solu bilities between Pd-N i alloys which had been rapidly quenched or else cooled slowly in a furnace; this be havior contrasts with Pd-Rh alloys where differences are observed [10] . This suggests that no concentration gradients develop during cooling the solid from ele vated temperatures as might be expected from the continuous solid solubility reported in the phase dia gram [25] .
Three different forms of the lower content Ni alloys (0 < < 0.09) were examined:
• annealed at 973 K for several days followed by a 1 h anneal at 1373 K, • melt-spun, prepared by forcing the melt onto a ro tating cooled copper wheel, • cold-worked by rolling with several intermediate stress anneals. These alloys was not annealed after the arc-melting. The 2^ = 0.15 alloy, however, was cold-rolled to 95% with an annealing treatment after arc-melting and without intermediate stress anneals.
The lower content alloys (XNi<0.09) were analyzed by electron microprobe. The cold worked one showed the greatest compositional variations and the melt spun and annealed had comparable variations. For example, for the melt-spun XNi = 0.092 + 0.003 alloy, i.e., the standard deviation from the stated composi tion was ±0.003 which presumably represents the maximum of compositional variations since the preci sion of analysis was considerably better than this. The compositions of these lower content alloys were all very close to their stated values, e.g., -X "Ni = 0.052 + 0.0025. The compositions have been rounded off to: XNi = 0.02, 0.05 and 0.09. The higher composition al loys were prepared in our laboratory by arc-melting but without the detailed physical and compositional analyses as for the lower content ones.
Results and Discussion
Dilute Phase Solubilities Dilute phase solubilities have been measured and thermodynamic parameters derived for hydrogen so lution for some alloys in their annealed forms. The results are shown in Table 1 in comparison with ear lier results.
The enthalpies are similar to those reported in the previous studies [5, 26] and, in fact, a good linear relationship obtains between AH" and 2fNi except the intercept at XNi appears to be somewhat too negative. The equation describing this dependence is zltf°/kJ/m ol|H 2 = -11.2 + 34.8XNi.
The entropies are nearly constant with indicating that as r -* 0 all of the interstices can be occupied. It should be noted that it is important that the alloys be annealed and, for example, if they are cycled through the hydride phase change and then the dilute phase solubilities are then measured, the solubilities and The values in parenthesis are from [5] except for the A "N i = 0.167 alloy which is from [26] , derived thermodynamic parameters differ. The mag nitudes of the relative partial molar enthalpies at in finite dilution steadily decrease with increase of ATNi (Table 1) ; this accounts for the decrease in dilute phase hydrogen solubility at a given pHi with increase of XXT: .
Complete Isotherms for Annealed Alloys
Hydrogen isotherms for annealed Pd-N i alloys are shown in Fig. 1 (273 K) , where an interesting trend is seen shown by the dashed curve, i.e., the hydrogen capacities decrease with increase of ATNi and then in crease again; the minimum appears at about XNi = 0.09. The dashed curve has been drawn indicating the (<x + ß)/ß phase boundary as judged from where the decomposition plateau commences. This behavior correlates with the dependence of Aa = a\ -aa 0 on ATNi from [3] where a § and aj are the lattice parameters of the co-existing hydride and dilute phases, respectively. Hysteresis also shows a minimum between XNi = 0.09 and 0.15 (Table 2 ) and a maximum near 0.05. The minimum in both hysteresis and A a are attributed to The values in parenthesis indicate the number of cycles in those cases where not enough cycling was carried out to achieve limiting behavior.
the minimum in the hydrogen capacity but the reason for this minimum in capacity is not known. The differences in behavior for the three different forms of the XNi = 0.09 alloy are illustrated in Fig. 2 where a comparison is shown of their initial isotherms (303 K). It can be seen that the melt-spun and an nealed forms have nearly identical isotherms but the cold worked one is more sloping. (This cold worked alloy was not annealed prior to rolling and therefore much of the sloping may be due to compositional inhomogeneities.) The subsequent isotherms of the melt-spun and annealed forms differ, however, with the latter having a significantly lower p{ and a higher pd than the former form. The difference in behavior between these the various microstructural forms is found to be progressively smaller for the alloys with XNi = 0.05 and 0.02. Thermodynamic properties were determined for the = 0.09 alloy from van't Hoff plots and from reac tion calorimetry. The latter data are shown in Fig. 3 where it can be seen that the enthalpy for hydride formation and decomposition are equal and their magnitudes are 14.9 kJ/mol | H 2. This is equal to the average of the values from the van't Hoff plots for p{ and pd; the problems of obtaining data from van't Hoff plots for this alloy have been discussed else where as representative of a general problem when the plateau pressures of alloys change due to cycling [27] . The calorimetric enthalpy change is less than that for Pd-H which is 19. This value is quite close to the difference in the calori metric enthalpies of 4.3 kJ/mol |H 2 indicating that the plateau entropy values are quite similar. There is no clear indication that the magnitudes of the ent halpies decrease in the high H content single hydride phase region as they do for Pd-H [28] . This is the reason that the increase of pHj with r is not so steep for these alloys as for Pd-H. This is presumably a result of the electronic structures of these alloys.
Complete isotherms were measured at a series of temperatures for both H2 and D2 for the XNi = 0.02, 0.05 and 0.09 after they had been cycled. A typical comparison is shown in Figure 4 having been multiplied by a factor of 4.0 which is a similar factor needed for pure Pd-H(D). It can be seen in Fig. 4 that the isotope effect is nearly constant over the whole range of contents. The isotope effect ap peared to be the same for all of the Ni compositions investigated.
Effect of Cycling on the Dilute Phase Solubility
The results of cycling on the dilute phase hydrogen solubility for pure Pd (333 K) are shown in Figure 5 . (It will be shown below that the plateau pressure pf increases slightly with cycling.) The initial isotherm cycle exhibits supersaturation of the dilute phase since the data point shown above the plateau pressure is metastable for times longer than the laboratory scale. The supersaturation is not observed in subsequent cycles nor is it observed in the Pd-N i alloys except perhaps for a small trace in the lowest Ni content one. The first cycle causes the largest effect on the solubility and small increases continue until stable behavior is reached between the second and ninth cycles. Dilute phase solubilities of the A 'n^ 0.09 alloy, which was initially in its annealed form, are shown in Fig. 6 for consecutive cycles of hydride formation and decomposition where the dilute solubility increases continuously up to about 5 cycles after which the solubility no longer appears to change. These in creases of solubility are accompanied by concomitant decreases of p{ and its value becomes constant after about 5 or 6 cycles. It seems that the changes of the dilute phase solubility and the plateau pressure caused by cycling are related for the alloys but for Pd-H the dilute phase solubility continues to increase with cy cling while p{ does not change after a small increase.
Thermodynamic parameters for hydrogen solution were evaluated from the dilute phase isotherms for the Pd0 91Ni0 09 alloy after cycling six times at 303 K and the results at infinite dilution are: AH^= -12.0 kJ/ mol\W2 and AS$= -68.3 J/K mol±H2. The enthalpy for this cycled alloy is more exothermic and the en tropy more negative than for the annealed alloy form (Table 1) indicating that the cycled alloys contain de fect sites which are more energetic for hydrogen occu pation than are the normal interstices found in an H/ Pd Fig. 5 . Dilute phase isotherms for Pd-H (333 K) as a func tion of cycling completely through the hydride phase at 333 K and then dehydriding at the same temperature, o, first cycle; x, second cycle; □, ninth cycle; a, twentyfirst cycle; v, after annealing the sample which had been cycled 21 times for 12 h at 693 K; o, after cycling the sample annealed at 693 K for 4 x . nealed alloys. From these results it seems clear that cycling leads to a somewhat different microstructure in the Pd-N i alloys as compared to pure Pd and the difference increases with XNi. It has been observed that the Pd-N i alloys work harden more than several other Pd alloys which have been examined [29] , e.g., Pd-Co or Pd-Cr, and this may contribute to the creation of large long-range stress fields.
For cycled or heavily cold worked Pd and Pd alloy-H systems the solubility behavior becomes irre versible in the dilute phase as the two phase, plateau pressure is approached [20] . This irreversibility has been attributed to hydride formation in stressed re gions of the metal where hydride phase forms more readily than in the bulk of the metal due to tensile stress [20] . This irreversibility in the dilute phase only appears after cycling the alloys through the hydride phase or else after heavy cold-work. (It had been re ported [20] that irreversibility occurs only for cycled and not for cold-worked Pd but this was due to the fact that the degree of cold work was not extensive enough.) It does not seem likely that these stresses are from the stress fields about isolated dislocations be cause in cold-worked Pd at r = 0.0085 inelastic neu tron scattering experiments lead to the result that the frequencies correspond to the dilute, rather than hy dride phase even though the concentration is quite large around the dislocations [30] . It seems more likely that this type of irreversibility arises from the longrange internal stress fields arising from complex dislo cation arrays [22] rather than from individual edge dislocation-H interactions because the volume extent of the latter may be too small to form a hydride phase. The inelastic scattering measurements, which were carried out at r = 0.0085 (presumably at 298 K) [30] , should also be carried out at, e.g., r = 0.012 where curvature and irreversibility are found in the dilute phase solubility of heavily cold worked Pd [20] . An interesting result is shown in Fig. 7 for the XNi = 0.15 alloy where, in contrast with the dilute phase behavior for Pd-H , after the first cycle of hydriding the dilute phase solubility is reversible in the region where the solubility shows much curvature and the transition to the two phase region is very gradual rather than sharp (Figure 7) . The filled symbols show the desorption during the second and third cycles and both represent an incremental loss of hydrogen of «0.015; for comparison the desorption data for the second cycle of P d-H exhibits considerable irre versibility. This absence of irreversibility in the very curved part of the dilute phase solubility of the ATNi = 0.15 alloy does not indicate the absence of hy dride formation but the disappearance of hysteresis which is consistent with its absence in the plateau region. This indicates that the hysteresis in the main plateau region and in the dilute phase are both caused by hydride formation and decomposition.
Effect of Cycling on Plateau Pressures
The effects of cycling on the plateau pressures of the Pd-N i alloys depends upon the alloy composition and the temperature. Generally the effect of cycling is greater, the larger is ( Table 2 Table 2 that hysteresis for the annealed form of each alloy increases with XNi, decreases and then again increases.
Although it would have been anticipated that the effect of cycling on pure Pd-H would have been al ready reported in the literature, the authors are un aware of any data showing explicitly the changes of plateau pressures with cycling. The plateau pressures, pf, of Pd-H progressively increase and then appear to stabilize; pd does not change very much (Figure 8 ). This cycling of pure Pd has been carried out at 303 and 393 K with the same results except that they show that the higher, stable value of p{ is reached at 303 K after 3 or 4 cycles and at 393 K it is reached after the H / Pd Fig. 8 . The effect of cycling on the complete isotherms for initially annealed Pd at 333 K. o, initial cycle showing supersaturation of the a-phase; x, absorption and desorption data for the second cycle; o, ninth cycle; □, 21st cycle; v, after annealing for 12 h at 693 K; a, after fourth cycle following annealing at 693 K. The open symbols, except for are for absorption and the filled ones for desorption. second cycle. If the cycled Pd is annealed at as rela tively low temperature, 693 K for 12 h, the value of p{ returns to that of Pd which had been annealed at 1173 K; after the fourth cycle of hydriding/dehydriding, pf returns to the higher value found after the previous cycling (Figure 8) .
The plateau pressure of the 2fNi = 0.02 alloy (an nealed) increases and then decreases again with cy cling; these changes are small and are not shown. The value of pf for the 0.05 alloy (annealed) initially in creases and then decreases to a value lower than its initial one; its pd value increases but these latter changes are small and not apparent in Figure 9 . The observed plateau pressure changes are larger for the XNi = 0.09 and 0.15 alloys than for alloys with smaller Ni contents and the p( values of these higher Ni con tent alloys no longer increase initially (Fig. 10) as for the lower Ni content alloys (Figs. 8 and 9 ) but they continually decrease and then stabilize. The = 0.09 alloy was cycled in more than 4 different forms/prepa rations, i.e., annealed, remelted and re-annealed, meltspun, and a different preparation of the alloy in an nealed form. The details of the cycling behavior differ Figure 10 shows cycling of the melt-spun form at 303 K. The value of pd in creases after the second cycle and then stabilizes whereas the value of pf decreases and stabilizes after about 4 or 5 cycles. The annealed forms show a similar behavior with cycling and therefore the grain size, which is small for the melt-spun form, does not play a decisive role in the cycling behavior.
(The cycling for the XNi = 0.15 alloy is not shown because it was shown in the preliminary report show ing the disappearance of hysteresis [9] ). The = 0.15 alloy exhibited dramatic changes as a result of cycling; the hysteresis decreased from 360 J/mol H to essen tially zero after 7 or 8 cycles at 323 K [9] .
These data show that the plateau pressures of Pd-Ni alloys, and the accompanying hysteresis, change markedly with repeated formation and de composition of the hydride phase at moderate temper atures ( Fig. 10 and Ref. [9] ). Except for two brief re ports [9, 24] , this has not been previously reported despite the very large number of isotherm measure ments of Pd alloys and it has been generally assumed that the plateau pressures are invariant for a given form of the alloy. These changing plateaux have rami fications for the practical uses of these materials where their use may depend on specific plateau pressures.
Effect on the Isotherms of Cold-work Followed by Cycling
The results of cold-working and subsequent cycling on the ATNi = 0.15 alloy were investigated at 323 K and found to be surprising. In contrast to the cold worked alloy shown in Fig. 2 , this alloy was annealed after arc-melting and then cold-rolled to 95% deformation, where ( d -d 0)/d0 x 100% = 95%. For the cold-rolled alloy both p{ and pd values were found to be lower than for its annealed form and, in addition, the hys teresis was smaller, i.e., 175 compared to 360 J/mol H; the plateaux were noticeably shorter and flatter than those for the annealed form of the alloy ( Figure 11 ). For the second hydriding cycle of this cold-rolled alloy, the value of pf decreased to the pd value elimi nating the hysteresis (Figure 11) .
Thus for the cold worked alloy both plateau pres sures are reduced so that p{ is lower than the value of pA for the annealed form of the alloy and for the sec ond cycle, hysteresis is completely eliminated (Fig  ure 11 ). This is a noteworthy result because the coldworking/cycling causes the equilibrium transition to shift to lower hydrogen chemical potentials compared to the annealed form, i.e., the changes are not re stricted to changes of hysteresis. By contrast, coldworking has only a minimal effect on the plateau pres sures of pure Pd [20] .
The Recovery of the Cycled Pd0 85Ni0 15 Alloy by Annealing in vacuo A Z Ni = 0.15 alloy was cycled until hysteresis dis appeared; it was then annealed in vacuo at progres sively higher temperatures to learn about the disap pearance of the effects of cycling. The progress of the annealing was followed by changes (323 K) of the hy drogen solubility enhancement in the dilute phase and the plateau pressure for hydride formation, p{, at var ious stages of the annealing. The annealing was cumu lative, i.e., progressively higher temperatures were em ployed with the same sample, and generally each period of annealing was for about 12 h. Figure 12 shows the solubilities in the very dilute phase at 323 K after annealing at various temperatures. The recovery is complete in the very dilute phase after annealing at 873 K but still incomplete in the higher content region within the dilute phase, e.g., r>0.01, and in the plateau region. In Fig. 13 values of p{ (323 K) are plot ted against the annealing temperature where it can be seen that the alloy does not return to its initial p{ value after annealing at 873 K. The recovery of values of (r'/r) and p{ both commence at about 523 K and con tinue to »923 K where no further changes are ob served. The recovery was about the same in the pres ence of 50 bar of H2(g) or in vacuo. The recovery takes place over a slightly higher temperature range than the recovery of the solubility enhancement in cold worked palladium or the XAg = 0.05 substitutional Pd alloy [16] . Presumably the annealing treatment pro gressively rearranges and reduces the dislocation den sity which gives rise to the solubility enhancements and therefore the very dilute phase solubility recovers completely. In the higher content dilute phase, how ever, the recovery is incomplete after annealing at 923 K because some remaining long range, although small, stresses hydride phase to form. The recovery of a XNi = 0.15 alloy which had been cold-rolled and then cycled until hysteresis disap peared was progressively annealed. In the tempera ture range from 523 to 673 K hysteresis remained neg ligible and the plateau pressure (pf = pd) progressively increased with the annealing temperature. Hysteresis reappared after annealing at temperatures above 673 K. In the dilute phase the solubility enhancement decreased steadily in the temperature range from 523 to 673 K. Both of these monitors of the recovery showed a jump in the extent of recovery between 673 and 773 K. 
The Reduction of Hysteresis by Cycling
One of the main results is the observation of the reduction of hysteresis with cycling of Pd-N i alloys; the reduction culminates in the disappearance of hys teresis after about 7 cycles in the XNi = 0.15 alloy-H system (323 K). A closely related result is that hys teresis disappears after only one cycle for an initially cold-rolled (95% deformation) XNi = 0.15 alloy and the single plateau shifts to a lower pressure than either plateau of the annealed alloy. These results may provide clues to the origin of hysteresis in Pd and its alloys. The elimination of hysteresis is a result of microstructural changes in the alloy resulting from cycling and/or cold working. It should be recalled that hysteresis for P d-H increases slightly as a result of cycling but is unaffected by cold-working.
Hysteresis is not eliminated by cycling a = 0.09 alloy (303 K) but is significantly reduced. It was found by comparison with the isotherms for a virgin, an nealed alloy that the reduction of the hysteresis de pends markedly on the temperature [27] . At 343 K the reduction was very large where hysteresis was only 17% of that for the annealed form but at 273 K, it was 57% of the annealed form. It is quite likely that hys teresis may be significant for the cycled ATNi = 0.15 alloy below 323 K; it was observed to be appreciable after 3 cycles at 273 K.
The following experiment with the XNi = 0.09 alloy was carried out to learn about the origins of the cy cling effect. The hydride phase was prepared by pass ing around the miscibility gap (Tc is estimated as ss 393 K). The hydride phase was then decomposed at 323 K; the decomposition pressure, pd, was found to be the same as found when the hydride phase was formed in the usual way at 323 K by passing through the miscibility gap. Thus it seems that the presence of dislocations from hydride formation does not affect the value of pd.
In multiple interface martensitic systems elastic en ergy can be stored; this storage is reflected during the hysteresis cycle by the decreasing temperatures (larger driving force) needed for the transformation, with fraction of conversion of the parent to the martensite phase [31] . The reverse transformation starts at a rela tively low temperature but this increases with the frac tion of transformation. For metal hydrides storage of elastic energy would correspond to sloping pressure plateaux. Since the plateaux generally become more horizontal with cycling, it does not seem likely that elastic energy plays an important role.
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